The temperature performance of GaAs-AlGaAs vertical cavity surface emitting lasers has been studied from 60 to -160 "C. A minimum threshold current occurs considerably below room-temperature where the wavelength of the Fabry-Perot resonance of the cavity matches the wavelength of the maximum gain of the active region. The laser quantum efficiency increases for decreasing temperature, exhibiting a change of slope near the temperature of the threshold minimum.
The temperature performance of GaAs-AlGaAs vertical cavity surface emitting lasers has been studied from 60 to -160 "C. A minimum threshold current occurs considerably below room-temperature where the wavelength of the Fabry-Perot resonance of the cavity matches the wavelength of the maximum gain of the active region. The laser quantum efficiency increases for decreasing temperature, exhibiting a change of slope near the temperature of the threshold minimum.
Vertical cavity surface emitting lasers (VCSELs) have potential applications for optical interconnects, optical logic devices, optical communications, etc. Much of the pioneering work was performed by Iga and co-workers. ' The past several years have seen much progress in GaAsAlGaAs based VCSELs, including increasing the output power,2 studying the mode patterns,3 reducing the series resistance,4'5 coupling into fibers,6 fabricating addressable arrays, ' and demonstrating high-speed capacity.* However, very little attention has been given to the temperature characteristics of VCSELs, which are expected to be distinctly different from those of edge emitting lasers. For edge emitters, the lasing threshold increases with increasing temperature and can usually be characterized over a certain temperature range by a characteristic temperature T,,. The increase in threshold with increasing temperature is due to a broadening of the gain spectra and to an increase in carrier leakage. The VCSEL has the additional requirement of matching the gain spectrum and the cavity FabryPerot resonance. An understanding of the relationship between the gain spectrum and the Fabry-Perot (FP) resonance is important in order to achieve low room-temperature cw thresholds, minimizing thermal quenching, and improving high-temperature performance. For the present lasers, illustrating this relationship required measurements considerably below room temperature. Some measurements of thresholds for electrically pumped VCSELs have been performed near room temperature,' but a complete temperature study has been performed only for optically pumped VCSELs."
The lasing wavelength for a vertical cavity surface emitting laser is determined by the optical properties of the mirrors and the cavity. The top mirror is a multiple stack of p-doped layers of AlGaAs and AlAs of optical thickness &f4, and the bottom mirror is an identical composition n-doped quarter-wave stack. The mirrors enclose a spacer region of optical thickness ,lo. This design results in a highreflectivity band with a FP mode centered at ilo. Due to the small cavity thickness, i.e., the active layer plus the effective penetration depth, only a single longitudinal mode usually exists within the high-reflectivity band. The spacer region is a symmetric graded structure (GRIN) containing four GaAs quantum wells at its center. The gain spectrum of the structure is determined by the thickness and composition of the quantum wells.
Both the gain spectrum and the FP resonance shift to longer wavelength with increasing temperature. However, the temperature dependence of the FP resonance is determined by the temperature dependence of the refractive indices, while the gain spectrum has the temperature dependence of the energy band gap. Since the band gap shifts at a rate five times faster than the refractive index, a structure perfectly matched at some temperature will become mismatched as the temperature is varied. The ideal would be to match the wavelengths somewhat above room temperature to compensate for the heating that occurs during laser operation. We have studied the temperature dependence of the threshold and wavelength of VCSELs from 60 to -160 "C. We find a distinct minimum in the laser threshold current, which for the present sample occurs well below room temperature. On the other hand, the quantum efficiency increases with decreasing temperature, and appears to have a discontinuity in slope where the threshold current is minimum. A reasonably consistent picture of the thermal properties emerges when comparing the VCSEL to edge emitting lasers fabricated from the same wafer. It is assumed that the edge emitter at threshold will lase at the gain peak since the longitudinal mode spacing is -2 A, compared to 500-1000 A for a VCSEL.
The molecular beam epitaxial (MBE) structure was grown on a 2 in. GaAs n + substrate and consists of 27 pairs for the n-doped bottom mirror (Si at 3 X 1018 cm -3, . . contfmmg AlAs and Alo,, G~o,s4As of thickness 515 and 604 A, respectively, with 100 A step layers of Alo,,Gac4As to reduce series resistance.4 The spacer region is a GRIN structure of total thickness -2600 A containing four 100 A GaAS quantum wells and 70 A Alo,,Gae7As barriers. The upper p mirror is 20 pairs of the same composition as the bottom mirror, but Be doped, with the Be concentration at the surface above lOI cm -3 and decreasing to 3 X lo** cm at the active region. The VCSELS were fabricated as previously described.2 The VCSELs chosen for this study had 20-pm-diam emitting windows and were fabricated from material in the central region of the original 2-in. diam wafer. The edge emitters were fabricated from material closer to the edge, where the layer thick- below.
nesses are typically l%-2% less. For the edge emitting structures, approximately half of the 2.6~,um-thick p mirror was removed prior to processing in an attempt to lower the p-mirror resistance. The edge emitters had -15 ,um stripes, which were proton isolated through a photoresist mask, and were thinned to less than 200 pm. The VCSELs were not thinned prior to mounting. Both had plated AuSn/Au alloyed contacts to the substrate for In soldering to a Cu plate. The lasers were wire bonded to top surface pads for measurements in a low-temperature JouleThompson refrigeration system. This system, however, could not handle the thermal load for cw operation of the edge emitters, so that edge emitters could only be measured to -12 "C by means of a thermoelectric cooler. The current and voltage thresholds for the VCSEL were obtained simultaneously with a parameter analyzer and a wide area Si detector. For wavelength determination, the light was fed by a fiber bundle into a 0.2 m optical multichannel analyzer. The onset of lasing was determined by a line narrowing and a roughly two order of magnitude increase in intensity. The temperature dependence of the current and voltage threshold for a typical VCSEL is shown in Fig. 1 . The voltage threshold ( Vu,) increases monotonically with decreasing temperature, due presumably to the potential barriers at the multiple p heterointerfaces, while the current threshold (Iti,) has a broad minimum near -60 "C. This minimum in threshold current is unique to VCSELs and is due to the alignment of the FP mode with the gain peak, as discussed below. The light-current (L-I) curves at 20, -60, and -160 "C are shown in Fig. 2 . Despite the increase in threshold for temperatures below -60 "C, both the slope of the L-I curves and the output power increase for lower temperatures. The slope was determined on the rising portion of the L-I curve for a current range of several mA, and is plotted as a function of temperature in Fig.  3 . It is seen that there are two different slopes which occur above and below the current threshold minimum. This behavior is consistent with the temperature variation of the The thickness of the quarter-wave mirror stacks and the active cavity length were both designed for nominal -0.85 pm operation, which corresponds to the expected wavelength for the transitions between the lowest-energy subbands for 100 A GaAs quantum wells. The band filling effect, which results in a blue shift for increasing injection current, is generally the dominant mechanism in quantumwell lasers." For the present lasers, thermal effects dominate fundamental effects such as band filling and band-gap renormalization, i ' resulting in a continuous red shift with increasing current. The edge emitting lasers have -15 Q forward resistance at room temperature for 0.5 mm length, compared with -1 0 for a properly designed edge emitter, due presumably to the remaining p-type heterobarriers. The VCSELs have several hundred ohms forward resistance at room temperature.
The room-temperature cw laser wavelength for a typical edge emitter just above threshold is at 0.867 pm, while its wavelength for pulsed operation is 0.858 pm (150 ns pulses at 1.5 kHz repetition rate). The cw lasing wave- length is 90 w longer than the pulsed laser wavelength, indicating a temperature rise of the active region -30 "C above room temperature (see below). For a threshold current of -160 mA, this corresponds to a threshold current density of 2.1 kA cm -' with a heat dissipation of 5 kW cm -I. The VCSELs have somewhat reduced threshold current density and heat dissipation, the equivalent quantities being 1 kA cm -2 and 1.5 kW cm -2, respectively. The cw lasing wavelength at threshold (0.845 pm) is -10 A longer than for the short-pulse condition, corresponding to a temperature rise of 16 "C. Averaging over several lasers, the edge emitter in cw operation lases at a wavelength 200 A longer than the VCSEL, and this difference is reduced to 120 A in the short-pulse mode. The spontaneous emission spectra from the edge emitters peaks near 0.87 pm with a -300 A full width at half maximum. The peak position does not change appreciably with increase in current. The emission intensity at 0.845 pm is generally less than half of the peak intensity near 0.87 ,um. The temperature dependence of the wavelength near threshold for both the VCSEL and the edge emitting laser are shown in Fig. 4 for cw operation. The VCSEL has a slope near room temperature of 0.6 A/C, while the edge emitter has the slope of 3.2 APC.'2 If the wavelength variation for the edge emitter is extrapolated to lower temperature, as given by the dashed line, the wavelength at threshold for the two types of laser coincide at -60 "C, which corresponds to the temperature where the gain peak matches the FP peak. We have not corrected for the difference above the heat sink temperature between the two types of lasers, nor for different losses which may occur between a vertical or longitudinal cavity. However, the data clearly show that a broad minimum occurs in VCSELs which in this example, is considerably below room temperature, and that the minimum occurs where the gain spectra matches the FP mode. The slope efficiency of the L-I curve for VCSELs increases with decreasing temperature due to the same factors as for edge emitting lasers; that is, a sharpening of the gain spectra for a given current due to the narrowing of the Fermi distribution functions.13 The additional factor resulting in an apparent change in slope near the threshold minimum is that as the temperature is lowered for heatsink temperatures above the minimum, the gain peak comes into closer coincidence to the Fabry-Perot mode. The gain does not increase as rapidly with decreasing temperature below the minimum since the gain peak, although sharper, becomes more blue shifted with respect to the FP resonance. However, for temperatures below the minimum, the L-I curves show more linear behavior, i.e., the derivative curve AL/AI is almost constant (see -160 "C curve in Fig. 1 ) rather than decreasing for higher current, since Joule heating brings the gain into closer coincidence with the FP mode.
In conclusion, we have measured the temperature dependence of the threshold and wavelength of VCSELs, and have shown a minimum threshold considerably below room temperature where the gain peak coincides with the FP resonance. Optimum performance for a VCSEL should occur when this coincidence occurs above room temperature, which translates into shifting the FP resonance to longer wavelength by a 2%-3% increase in the thickness of both the mirror stack and the GRIN cavity.
